[1] Observations indicate that the westerly jet in the Southern Hemisphere troposphere is accelerating. Using a global aerosol model we estimate that the increase in wind speed of 0.45 ± 0.2 m s À1 decade À1 at 50-65°S since the early 1980s caused a higher sea spray flux, resulting in an increase of cloud condensation nucleus concentrations of more than 85% in some regions, and of 22% on average between 50 and 65°S. These fractional increases are similar in magnitude to the decreases over many northern hemisphere land areas due to changes in air pollution over the same period. The change in cloud drop concentrations causes an increase in cloud reflectivity and a summertime radiative forcing between at 50 and 65°S comparable in magnitude but acting against that from greenhouse gas forcing over the same time period, and thus represents a substantial negative climate feedback. However, recovery of Antarctic ozone depletion in the next two decades will likely cause a fall in wind speeds, a decrease in cloud drop concentration and a correspondingly weaker cloud feedback. Citation: Korhonen, H., K. S. Carslaw, P. M.
Introduction
[2] The dominant aerosol sources over the remote Southern Hemisphere (SH) oceans are sea spray and sulfate particles derived from dimethylsulfide (DMS) gas emitted by phytoplankton [Murphy et al., 1998; Korhonen et al., 2008] . It has been proposed that climate-induced changes in DMS production in these remote regions could increase cloud condensation nuclei (CCN) concentrations, causing a negative radiative forcing and climate feedback [Charlson et al., 1987] . However, the negative forcing, if present at all, seems to be much smaller than the positive forcing of greenhouse gases [Carslaw et al., 2009] . On the other hand, the formation of whitecaps from wave breaking is strongly dependent on the wind speed at the ocean surface, thus changes in pressure fields in the marine atmosphere have been proposed as a negative climate feedback through increased sea spray in a warmer climate [Latham and Smith, 1990] .
[3] Since Latham and Smith's [1990] study our understanding of how climate change affects wind speeds has improved. An analysis of SH climate shows significant changes in the Southern Annular Mode over recent decades [Thompson and Solomon, 2002; Son et al., 2008] . These changes have been attributed mainly to stratospheric ozone loss [Yang et al., 2007] but also to increases in greenhouse gases [Fyfe et al., 1999] . One manifestation of this trend is the intensification of spring and summer westerly winds. Here we quantify the impact of these changes in wind speed on SH aerosol and clouds.
Methodology
[4] To quantify the effect of wind speed changes on aerosol concentrations we used a global aerosol microphysics model driven by European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-40 reanalyses [Uppala et al., 2005] . The ERA-40 reanalyses show a statistically significant summer (December -February) and autumn (March -May) wind speed increase in the latitude band 50 -65°S from 1980 to 2002. The largest change has occurred in summer, with a mean increase of 7% and up to 27% in some regions (Figure 1 ). At 55-60°S the increase has been approximately 0.45 ± 0.2 m s À1 decade À1 .
[5] To reduce the computational expense of the global aerosol model we simulated only the summer, when the wind speed trend is most significant, and calculated the change in aerosol between 1980-1982 and 2000 -2002. According to a Wilcoxon rank sum test the wind speeds in the chosen periods can be considered representative samples of the two decades (p-values 0.18 and 0.22, respectively) and differences between the two periods were found significant (Wilcoxon test p-value 0.03). The wind speed change was considered statistically significant for latitudes where the confidence interval (Figure 1a whiskers) did not contain the value zero.
[6] The GLOMAP aerosol model simulates the emission, transport, microphysical processes and removal of sizeresolved aerosol on a global scale with a horizontal resolution of 2.8°Â 2.8°and 31 vertical levels [Spracklen et al., 2005] . The model has been shown to agree well with particle size distribution observations over the remote SH oceans [Spracklen et al., 2007] and to reproduce the seasonal cycle of CCN at Cape Grim, Tasmania [Korhonen et al., 2008] . The wind speed dependent sea spray flux was parameterised according to Mårtensson et al. [2003] (20 nm -2 mm dry diameter) and Monahan et al. [1986] (>2 mm). Recent studies suggest that a fraction of submicron sea spray may be organic, rather than pure salt. Although mixed organic/salt flux parameterisations have been constructed from observations in one ocean [O'Dowd et al., 2008] , it is not known to what extent the dependence of flux on wind speed will depend on the variable organic content, nor how the organic fraction varies in different oceans. We therefore restrict our study to the Mårtensson scheme for pure salt, which has been shown to agree well with size distribution measurements south of 45°S [Pierce and Adams, 2006] . The model also includes sulfate and carbonaceous aerosols from anthropogenic and biomass burning sources. We use emissions from AEROCOM (http://nansen. ipsl.jussieu.fr/AEROCOM) for 2000 -2002 and GEIA (http://www.geiacenter.org/) for 1980-82. Dimethylsulfide sea water concentrations [Kettle and Andreae, 2000] were assumed to be the same in both periods.
Results
[7] Figures 2a -2d show the surface level wind speed and CCN concentration for summer 1980 -82 and the changes in sea spray emission flux and CCN concentration between 1980 -82 and 2000 -02. The CCN concentrations were calculated from the modeled aerosol assuming a fixed supersaturation of 0.2%. Surface-level CCN concentrations in the latitude band 50-65°S increased by 19% over the two decades (Figure 2d ), and in some regions by more than 60%. Absolute changes are as large as 26 cm À3 and the increase in CCN sized particles (>70 nm) is evident also from the zonal mean size distribution (Figure 3a) . Moreover, at an approximate cloud base altitude of 1 km the mean increase in CCN is 22% and greater than 80% in some parts of the latitude band. To put this CCN increase in context, we note that it is approximately half of the decrease predicted by our model to have occurred over Europe over the same period (46%, not shown) due to substantial reductions in pollutant emissions. The direct and indirect effects of this change in European aerosol are estimated to have caused about two-thirds of the rapid regional warming of about 1°C since the 1980s [Philipona et al., 2009] . Thus, the climate-induced changes in natural CCN concentrations over the remote summertime SH oceans are comparable to substantial changes in the NH driven by reduced air pollution.
[8] There is a clear correlation between the modeled changes in CCN concentration and wind speed at 50 -65°S (Figure 3b ). The sign of the change is the same for both quantities in 80% of the model grid boxes. However, CCN concentrations are determined by a complex interplay of emissions, transport and removal (principally by precipitation), all of which have changed somewhat in the ERA-40 re-analyses between 1980 -82 and 2000 -02. Therefore, while the largest increases in CCN concentration occur in regions with the largest changes in sea spray emission, concentrations are also predicted to have increased where changes in wind speed are relatively small (e.g., at 30°W-20°E in Figures 2c and 2d) . The correlation coefficient of CCN and wind speed to the power 3.41 (sea spray flux proxy) is R 2 = 0.48 (n = 6876), so 52% of the variance in CCN is caused by other factors, but the single most important cause of changes between 1980 and 2000 is the wind-speed driven sea spray flux.
[9] To isolate the effect of wind speed on the sea-air transfer of DMS, and hence sulfate aerosol, we repeated the baseline simulations for January 2000 but held the DMS emissions at 1980 values. This was achieved by replacing the 2000 6-hourly wind speed-dependent gridded DMS seaair fluxes with 1980 values, but using the 2000 meteorology for sea spray emission and aerosol transport. Figure 4a shows that the mean surface-level increase in CCN at 50-65°S attributable to wind speed-induced changes in DMS flux is approximately 5%, much smaller than the total zonal mean change of 35% in January. However, CCN concentrations increase locally by up to 18% in this latitude band. South of 65°S over the Weddell Sea (10 -60°W) the CCN increases by about 10% (and locally by up to 22%), accounting for 33% of the total increase in CCN there. The changes in DMS-derived CCN are not localised over regions of increased wind speed because DMS is transported in the free troposphere and forms CCN through particle nucleation and growth over many days [Korhonen et al., 2008] . We conclude that the effect of wind speed on DMS-derived sulfate aerosol is locally important, but on a hemispheric scale much less important than changes in sea spray.
[10] To isolate the effect of increased SH pollutant emissions over the period, Figure 4b shows the change in CCN in a sensitivity test using 1980s anthropogenic emissions in the January 2000 run. Zonal mean CCN concentrations at 50 -65°S are 0.4% higher, showing that the increased pollutant emissions had a negligible impact on CCN compared to the effect of wind speed on sea spray.
[11] While the precipitation rate shows no significant difference between the two periods, also the timing and frequency of precipitation during aerosol transport affect the CCN concentrations. Therefore, separating or quantifying the influences of precipitation and transport is difficult. The increase in sea water temperature over the two decades is small ($0.1 K) and has not affected the spray emission fluxes.
[12] The changes in aerosol calculated in the baseline simulations for summers 1980-82 and 2000 -02 can be converted into approximate changes in cloud drop number concentration (CDN). The CDN concentrations were calculated using the modeled aerosol and a parameterization of drop formation [Nenes and Seinfeld, 2003 ] assuming a Gaussian probability distribution for the updraft velocity (mean = 0 m s À1 , standard deviation = 0.1 m s
À1
). The zonal mean increase in CDN at 1 km altitude at 50-65°S is 11%, with local increases of up to 46% (Figure 2e ).
[13] Figure 2f shows the corresponding cloud radiative forcing between 1980 -82 and 2000 -02. We used monthly mean cloud fields and surface albedo from ISCCP [Rossow and Schiffer, 1999] together with a radiative transfer model [Edwards and Slingo, 1996] . For the baseline runs liquid water paths for low level clouds were computed from ISCCP optical depth measurements assuming an effective drop radius of 10 mm. In the perturbed run liquid water paths were unchanged and drop size was altered according to the fractional change in CDN between the two periods. In the latitude band 50-65°S the summertime zonal mean cloud forcing due to changes in CDN is À0.7 W m À2 with a maximum negative forcing of À2.2 W m À2 in some regions. The positive forcing seen in mid-latitudes (north of 50°S) is mainly due to changes in anthropogenic pollution from 1980s to 2000, but we showed above that these have negligible effect at 50-65°S.
Discussion
[14] The calculated changes in SH aerosol represent a potentially important climate feedback in which anthropogenic emissions of greenhouse gases and ozone depleting substances alter the circulation of the atmosphere [Thompson and Solomon, 2002] , which in turn induces greater emissions of sea spray that cause a negative radiative forcing through higher cloud drop concentrations in low level clouds. The annual mean positive forcing from all well mixed greenhouse gases at these latitudes (50 -65°S) is $1 W m À2 over the two decades studied [Forster et al., 2007] . The only other important forcing at southern high latitudes is stratospheric ozone loss, the annual average of which has been estimated to be approximately À0.5 W m À2 since the late 1970s [Forster and Shine, 1997] . Thus, during the summer season over high latitude ocean the feedback on low level clouds through wind intensification (À0.7 W/m 2 ) together with ozone loss may have cancelled out the positive greenhouse gas forcing since the 1980s.
[15] The changes in sea spray occur deep in the SH oceans away from any observation stations so it is not possible to confirm the model predictions directly. Nevertheless, the robust trends in wind speed and the established effect of wind speed on sea spray generation suggests that this feedback mechanism may be more important than that from possible increase in oceanic primary productivity and DMS emissions due to climate change.
[16] The enhanced sea spray emissions provide a possible explanation for the observed increase in planetary reflectivity at 380 nm wavelength over open water in the 40°W-80°E longitude segment of the Southern Ocean (south of 60°S) as well as over the Bellingshausen Sea (70 -90°W) despite a decrease in sea ice over 1979 -94 [Lubin et al., 2003] . We also attempted to verify the relationship between 1980 vs. 2000, 1981 vs. 2001, and 1982 vs. 2002. wind speed and CCN by examining time trends in observed cloud properties from the ISCCP [Rossow and Schiffer, 1999] but did not find any significant trend in cloud properties such as mean cloud reflectivity for 50-65°S over the period of available satellite data . However, recent studies [Evan et al., 2007] have demonstrated several instrument artifacts present in ISCCP cloud properties, which make the data difficult to use for studies of longterm trends in cloud properties and why trends in ISCCPderived cloud reflectivity might not be apparent.
[17] The implications for future climate need to be evaluated. If, as recently suggested [Son et al., 2008] , ozone depletion is the primary cause of wind speed increases, then this cloud forcing acts as a positive feedback on the ozone induced cooling. It more than doubles the negative radiative forcing from stratospheric ozone loss and suggests that future ozone recovery would cause a positive radiative forcing. 
